Clearance of hepatitis C virus (HCV) is dependent on an effective virusspecific CD8 + T-cell response, which is dysfunctional in chronic HCV 
Introduction
Hepatitis C virus (HCV), classified in the Hepacivirus genus in the Flaviviridae family, is a single-stranded positivesense RNA virus that affects approximately 170 million people worldwide. [1] [2] [3] A small percentage of those infected clear the virus spontaneously but the remainder (~80%) develop chronic infection, which may eventually lead to end-stage liver diseases such as cirrhosis and hepatocellular carcinoma. 1, 4 New interferon-free oral direct-acting antivirals provide promising cure rates, 2 but they remain expensive, and the search for a vaccine is ongoing.
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I M M U N O L O G Y O R I G I N A L A R T I C L E
Clearance of HCV is dependent on a successful virusspecific CD8 + T-cell response (as seen during viral clearance in acute infection), but dysfunction in HCV-specific CD8 + T-cells has been widely observed in chronic infection. [5] [6] [7] Additionally, generalized or non-HCV-specific CD8 + T-cell dysfunction has also been observed in chronic infection. 7, 8 Lucas et al. 9 showed that in HCVinfected patients, cytomegalovirus-specific CD8 + T-cells produced less Fas ligand and perforin, and lost markers of maturity but exhibited appropriate proliferative capacity. Expression of anti-apoptotic B-cell chronic lymphocytic leukaemia/lymphoma 2 (Bcl-2) protein and activation of its upstream regulator signal transducer and activator of transcription 5 (STAT5) has also been shown to be lower in bulk CD8
+ T-cells in chronically infected HCV + individuals, indicating lower survival potential or viability. 10 Increased activation-induced apoptosis and unique pro-apoptotic gene signature in bulk T-cells in HCV infection has also been observed. 8 Generalized impairment of CD8 + T-cells may contribute to observed decreases in immunity to other viral infections and cancers during HCV infection. Among various host and pathogen factors that have been posited to be responsible for this generalized dysfunction is the HCV core protein, the first protein in the N-terminal region of the polyprotein produced by the virus during replication. 7, 11, 12 It forms the nucleocaspid, and modulates virion assembly after polyprotein translation and processing. 13, 14 HCV core protein can be found in the serum of HCV-infected patients as part of the whole virus, as infectious non-enveloped virus particles, as free protein and as damaged virus particles, and so has ample opportunity to potentially interact directly with circulating CD8 + T-cells. 7, [15] [16] [17] In addition to aiding virus assembly, HCV core plays an important role in immune evasion, in part by its modulation of T-cell function. 3, 11, 18 Specifically, it has been shown to interact with the gC1qR receptor (receptor for the complement C1q protein) to reduce T-cell activity. 3, 18, 19 In isolated T-cells and using the thymidine incorporation assay, Kittlesen et al. 18 showed that in a mixed lymphocyte reaction and when stimulated with concanavalin A (a mitogen) the presence of HCV core reduced T-cell proliferation in a dose-dependent manner. Blocking gC1qR with antibody appeared to reverse this effect. Yao et al.
3 similarly demonstrated reduced anti-CD3/28-stimulated proliferation of T-cells when exposed to HCV core. Furthermore, expression of HCV core protein in transfected T-cells was shown to significantly reduce interleukin-2 (IL-2) production and inhibit co-stimulatory c-Jun N-terminal kinase signalling pathway, suggesting anergy in cells. 12 The study also observed increased IL-4, IL-10, interferon-c (IFN-c) and tumour necrosis factor-a production. In contrast, another study found decreased IFN-c production in CD8 + T-cells when peripheral blood mononuclear cells were treated with HCV core. 20 We therefore sought to determine whether HCV core protein directly contributes to CD8 + T-cell impairment, as is observed in HCV infection. 10 We evaluated effects on CD8 + T-cell activity, survival potential and effector functions. Our study provides novel insights into HCV core protein-mediated impairment of bulk CD8 + T-cells, which in turn will contribute to the observed generalized CD8 + T-cell dysfunction in chronic HCV infection.
Materials and methods

Cells
Human peripheral blood mononuclear cells were isolated from the blood of healthy HCV À donors using Lymphoprep (StemCell Technologies, Vancouver, BC, Canada) density gradient centrifugation, followed by isolation of CD8 + T-cells using CD8 + T-cell Positive Magnetic Selection Kit I or II (StemCell Technologies). CD8 + T-cells were then resuspended in complete RPMI medium (i.e. RPMI-1640 containing L-glutamine supplemented with 20% fetal calf serum, 1% penicillin/streptomycin, 1% L-glutamine; Gibco, Life Technologies, Burlington, ON, Canada) and allowed to rest overnight at 37°, 5% CO 2 . Cells (5 9 10 5 cells/ml) were then incubated with recombinant HCV core protein (5 lg/ml; HCV genotype 1b; ViroGen Corporation, Watertown, MA) or medium for 72 hr before stimulation. Several studies have shown that an irrelevant protein prepared in the same manner as HCV core has limited effect on T-cell functions. Therefore, medium was considered an appropriate control for the experiments. 18, 21 This study was approved by The Ottawa Health Science Network Research Ethics Board, and written informed consent was obtained from all individuals.
Proliferation and cell viability
Isolated CD8
+ T-cells were labelled with carboxyfluorescein succinimidyl ester (CFSE, 8 lM; Cell Trace CFSE cell proliferation kit, Molecular Probes; Life Technologies) following established protocol. 22 CFSE-labelled CD8 + T-cells were incubated with HCV core for 72 hr before stimulation with anti-CD3/28 (0Á0625 lg/ml) for 5 days before analysis by flow cytometry (FC 500 MCL System, Beckman Coulter, Marseille, France). Anti-CD3 was obtained from the National Cancer Institute (Frederick, MD) and anti-CD28 (Clone CD28.2) from eBioscience (San Diego, CA). CFSE low or CFSE dilute cells were considered to be dividing cells. For preliminary proliferation and viability timecourse studies, cells were incubated with or without HCV core (5 or 2 µg/ml, respectively) for 0-72 hr and then stimulated with anti-CD3/28 or phytohaemagglutinin (Sigma-Aldrich, St Louis, MO). Proliferation was analysed by flow cytometry as described above. To study viability, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Life Technologies) was added to treated cells for 4 hr before addition of stop solution and measurement by spectrophotometry (Spectra MAX 190; Molecular Devices, Sunnyvale, CA). Cell viability was determined by the relative increase from absorbance of unstimulated cells.
Phosphorylated STAT5 and Bcl-2
CD8
+ T-cells were incubated with or without HCV core for 72 hr before stimulation with IL-7 (1 ng/ml; Sigma Aldrich, Oakville, ON, Canada) for 15 min to study STAT5 activation and for 48 hr to study Bcl-2 production. Cells were fixed and permeabilized before staining with AlexaFluor 488-conjugated anti-pSTAT5 antibody (pY694; Clone 47; BD Pharmingen, San Jose, CA) or fluorescein isothiocyanate (FITC)-conjugated anti-human Bcl-2 antibody (Clone Bcl-2/100; BD Pharmingen) or isotype control before analysis on a flow cytometer.
Perforin, degranulation (CD107a expression) and IFN-c production
To study perforin production and cell degranulation, CD8 + T-cells were incubated with or without HCV core for 72 hr before stimulation with anti-CD3/28 (1 µg/ml) for 48 hr (perforin and degranulation) or 24 hr (IFN-c) before analysis by flow cytometry. To study intracellular perforin production, after 48 hr of stimulation, cells were fixed and permeabilized before staining with FITC-conjugated antihuman perforin (Clone d G9; BD Pharmingen) or isotype control. To study degranulation, cells were incubated with FITC-conjugated anti-human CD107a antibody (Clone H4A3; BD Pharmingen) or isotype control and BD Golgi Stop (containing Monensin; BD Pharmingen) for the last 6 hr of the 48 hr of stimulation. For IFN-c production, BD GolgiPlug (containing Brefeldin A; BD Pharmingen) was added for the last 5 hr before being fixed, permeabilized and labelled with FITC-conjugated anti-human IFN-c antibody (5 µl/1 9 10 5 cells; Clone: 45.15; Beckman Coulter) or isotype control before analysis on a flow cytometer. To quantify secreted cytokines, supernatants were collected from CD8 + T-cells stimulated with anti-CD3/28 (1 µg/ml) for 5 days after pre-incubation with HCV core (5 µg/ml). Supernatants were then analysed for perforin, granzyme-B and IL-10 production using Millipore Sigma's Milliplex Human CD8 + T-cell Magnetic Bead Panel (Millipore, Billerica, MA).
Effect of HCV-infected serum
To study whether serum from HCV-infected patients was able to reduce CD8 + T-cell function, CD8 + T-cells from healthy donors were cultured in complete RPMI with pooled heat-inactivated serum (10 µl/1 9 10 5 cells) from five healthy or five HCV-infected individuals for 72 hr, and then stimulated with 50 µl of Immunocult Human CD3/28 activator (StemCell Technologies) for 48 hr, before staining and analysis for perforin. Donor characteristics are detailed in Table 1 .
Analysis and statistics
All flow cytometry was performed on the FC 500 MCL System from Beckman Coulter and analysed using FCS Express Research Edition 4.0 (De Novo Software, Los Angeles, CA). Statistical analysis and graphing were completed using GRAPHPAD PRISM 5.0 (San Diego, CA). For flow cytometry analysis, cells were gated on the resting and proliferating lymphocyte population according to forward and side scatter plots. Repeated measures analysis of variance with Bonferroni's Multiple Comparison Test was used for analysis of time-course assays. For all other assays, two-tailed paired Student's t-test was conducted with P < 0Á05 being considered statistically significant, except where observed results were being validated, in which case a one-tailed test was used. All results are stated as value AE SD.
Results
HCV core reduces proliferation of CD8 + T-cells
An important factor in the determination of CD8 + T-cell function is the capacity to proliferate. Time-course assays revealed that longer incubation of CD8 + T-cells with HCV core reduced the proliferation of anti-CD3/28-stimulated cells, indicating that inhibition by this viral factor was strongest after 72 hr of incubation (repeated measures analysis of variance with Bonferroni's multiple comparison test, Fig. 1a ). This also indicated that the 5 µg/ml concentration of recombinant HCV core protein, which is within the range (0Á01-10 µg/ml) of HCV core protein concentrations used in previous reports using similar culture systems, enabled the detection of proliferation differences over time. 18, 21 This may be explained, in part, by observations in our early studies that indicated that prolonged exposure to HCV core resulted in reduced viability of CD8 + T-cells stimulated with the mitogen phytohaemagglutinin, although the effects were not statistically significant (Fig. 1b) .
To confirm the effect of prolonged exposure to HCV core on cell division, CFSE-labelled CD8 + T-cells were incubated with or without HCV core for 72 hr before anti-CD3/28 stimulation. HCV core significantly reduced the stimulation-induced proliferation of CD8 + T-cells (P = 0Á0004, n = 5, Fig. 1c,d ), compared with cells not treated with HCV core. On average, 72Á2% (AE 10Á2) of CD8 + T-cells divided upon stimulation, but only 41Á4% (AE 12Á1) of cells pre-incubated with HCV core divided in response to stimulation.
HCV core reduces IL-7-mediated up-regulation of Bcl-2 production but increases STAT5 activation Expression of anti-apoptotic Bcl-2 prolongs survival of CD8 + T-cells, and increased survival will support proliferation-driven activation of CD8 + T-cells. 23 Upon treatment with IL-7, CD8
+ T-cells up-regulated Bcl-2 production (P < 0Á0001, n = 8, Fig. 2 ). On average, 17Á4% (AE 6Á6) of unstimulated cells were determined to be Bcl-2 high and 67Á1% (AE 8Á4) of IL-7-treated cells were Bcl-2 high . Up-regulation of Bcl-2 was hampered in HCV core-treated cells, thereby altering the ratio of Bcl-2 low versus Bcl-2 high cells. On average, 61Á4% (AE 8Á4) of HCV coreincubated cells were Bcl-2 high after IL-7 stimulation compared with 67Á1% (AE 8Á4) of cells not incubated with HCV core (P = 0Á028, n = 8, Fig. 2 ).
However, STAT5 activation, an important signalling step leading to Bcl-2 expression, was higher in HCV coretreated cells. After IL-7 treatment, the degree of pSTAT5 expression was higher in CD8 + T-cells incubated with HCV core compared with cells that were not treated with HCV core before IL-7 treatment (P = 0Á001, n = 6, Fig. 3 ). On average, pSTAT5 expression [by mean fluorescence intensity (MFI] in untreated cells was 3Á7 (AE 0Á4), and in IL-7-treated cells was 9Á8 (AE 2Á5). In HCV core-treated cells MFI was 13Á1 (AE 3Á4).
HCV core reduces the proportion of perforin + and CD107a + CD8 + T-cells
One of the main lytic functions of CD8 + T-cells is their ability to up-regulate perforin production and degranulate. To determine HCV core's effects on these functions, isolated CD8 + T-cells were incubated and treated as above. Upon anti-CD3/28 stimulation, perforin production in CD8 + T-cells was increased (P = 0Á0003, n = 9, Fig. 4) , with 24Á9% (AE 9Á5) of unstimulated cells containing perforin, and 65Á4% (AE 20Á2) of stimulated cells containing perforin.
Perforin production in CD8 + T-cells incubated with HCV core was lower than in cells not treated with core before stimulation (P = 0Á002, n = 9, Fig. 4 ). On average, after anti-CD3/28 stimulation, 50Á6% (AE 18Á2) of coretreated cells were perforin + , while 65Á4% (AE 20Á2) of cells not treated with core were perforin + . Similarly, the amount of perforin in HCV core-treated stimulated cells was reduced by the viral protein relative to stimulated cells alone [0Á68 (AE 0Á14) perforin MFI relative to stimulated cells, P = 0Á0004, n = 9, data not shown]. When unstimulated cells were treated with HCV core, the proportion of perforin + cells was similar to that of unstimulated cells not treated with HCV core. Furthermore, perforin release was found to be significantly lower from CD8
+ T-cells pre-incubated with HCV core before 5 days of stimulation with anti-CD3/28 (P = 0Á04, compared with CD8 + T-cells not pre-incubated with HCV core before stimulation; Fig. 4c) . Similarly, Granzyme-B release was found to be lower from CD8 + T-cells preincubated with HCV core before 5 days of stimulation with anti-CD3/28, but this was not statistically significant (see Supplementary material, Fig. S1A ).
Furthermore, degranulation of CD8 + T-cells, indicated by CD107a expression, after anti-CD3/28 stimulation was lower in HCV core-treated cells compared with cells not treated with HCV core (P = 0Á015, n = 5, Fig. 5 ). On average, after anti-CD3/28 stimulation, 17Á7% (AE 12Á9) of HCV core-treated cells were CD107a + , compared with 23Á7% (AE 11Á3) of cells not treated with core were CD107a + . This reduction was also reflected in the degree of degranulation where, relative to stimulated cells, CD107a expression in HCV core-treated stimulated cells was significantly less than in cells not exposed to HCV core protein [0Á88 (AE 0Á08) CD107a MFI relative to stimulated cells, P = 0Á028, n = 5, data not shown].
HCV core does not affect the proportion of IFN-c + CD8 + T-cells
Another important aspect of CD8 + T-cell effector functions is the production of pro-inflammatory IFN-c. The production of IFN-c by CD8
+ T-cells was increased from 19Á5% (AE 6Á2) to 30Á7% (AE 6Á7) with anti-CD3/28 stimulation. Interferon-c production after anti-CD3/28 stimulation was slightly higher (but statistically insignificant) in HCV-core treated CD8 + T-cells compared with cells not treated with HCV core (P = 0Á177, n = 8, Fig. 6 ). On average, after anti-CD3/28 stimulation, 38Á9% (AE14Á6) of core-treated cells were IFN-c + , whereas 30Á7% (AE6Á7) of cells not treated with core were IFN-c + . The absence of an HCV core protein effect on IFN-c production by stimulated cells was also observed on a per cell basis (1.18 IFN-c MFI relative to stimulated cells, P = 0Á088, n = 8, data not shown).
Cells treated with serum from HCV-infected individuals produce less perforin upon stimulation
To confirm this impairment and to attempt to translate these findings to what may be observed in vivo, isolated CD8 + T-cells were treated with pooled serum collected from viraemic HCV + individuals (Table 1) . These cells treated with serum from viraemic HCV + individuals produce less perforin upon stimulation compared with cells treated with pooled serum from healthy controls (P = 0Á02, n = 6, Fig. 7 ). Since the effect of HCV core on perforin production was novel and most stark, it was chosen as a marker to verify the effect of HCV + serum on CD8 + T-cell function. On average, 46Á4% (AE 12Á8) of stimulated cells treated with healthy serum were perforin + , but only 39Á2% (AE 9Á2) of cells treated with HCV-infected serum were perforin + . There was no statistical difference in baseline perforin levels in cells treated with HCV À or HCV + serum.
Discussion
Our study reveals that HCV core protein modulates various aspects of CD8 + T-cell activity, survival potential and effector functions. It decreases CD8 + T-cell proliferation, perforin production and degranulation but does not affect IFN-c production. Interestingly, while reducing IL-7-mediated Bcl-2 up-regulation, HCV core increases upstream STAT5 activation. This suggests that HCV core plays a role in bulk CD8 + T-cell dysfunction observed in HCV-infected individuals.
HCV core protein reduced the proliferation of CD8 + T-cells, confirming the observations of others. 3, 18 As our study was conducted in an isolated CD8 + T-cell population, it also confirms that HCV core impairs CD8 + T-cells by directly interacting with them as opposed to through its effects on other immune cells like macrophages and CD4 + T-cells, that may then inhibit CD8 + T-cell activity.
Reduced proliferation of CD8 + T-cells will hamper clonal expansion of cells upon antigen stimulation, and will inhibit an efficient CD8 + T-cell response. Our data also reveal that HCV core exerts its effects in a time-dependent manner, and that prolonged exposure to HCV core increasingly exacerbates CD8 + T-cell activity. This suggests the need to detect and treat HCV infection earlier than is current practice.
We also found that anti-apoptotic Bcl-2 up-regulation is inhibited by HCV core, suggesting that the viral protein may contribute to the reduced survival potential of CD8 + T-cells observed in chronic HCV infection. 10 Interleukin-7-mediated Bcl-2 production enhances the survival of naive CD8
+ T-cells and the development of memory CD8 + T-cells. 24, 25 Hence, HCV core, by reducing Bcl-2 up-regulation, may reduce the presence of viable CD8 + T-cells and impair the development of memory responses. In fact, in chronic HCV infection, CD8 + T-cells are known to be more prone to activation-induced apoptosis. 8 We have previously shown that increases in Bcl-2 are dependent on STAT5 activation and we recently observed decreased STAT5 activation coupled with lower Bcl-2 levels in HCV-infected individuals. 10, 26 Contrary to expectations based on those findings, HCV core protein upregulated IL-7-mediated STAT5 activation (Fig. 4) . This suggests that HCV core dysregulates the signalling pathway leading to Bcl-2 production after phosphorylation of STAT5. Contribution of other signalling pathways may be required for IL-7/STAT-5-mediated up-regulation of Bcl-2, particularly that of the phosphatidylinositol-3-kinaseprotein kinase B (PI3K-Akt) pathway. 27 Yao et al.
3
showed that HCV core reduces Akt activation in CD8 + T-cells. Therefore, in addition to reducing the activity of CD8 + T-cells, HCV core is reducing the cell survival potential or viability. This dysregulation of IL-7 signalling via PI3K inhibition may have even further reaching consequences. We previously demonstrated that inhibition of the PI3K pathway interferes with IL-7-mediated proliferation and glucose uptake in CD8 + T-cells. 26 As IL-7-mediated signalling is required for the development and maintenance of CD8 + T-cell responses even in the absence of antigen signalling, this inhibition of IL-7 signalling by HCV core may have significant impacts on CD8 + T-cell-mediated immunity. Studies on the effects of HCV core on the lysis-associated effector functions of CD8 + T-cells have been limited. We were able to show that in response to anti-CD3/ 28 stimulation, pre-incubation with HCV core protein reduces perforin production and degranulation in CD8 + T-cells, suggesting functional anergy. As perforin is required for other lytic granules to enter and exert their activity, functional efficacy of CD8 + T-cells is reduced in the continued presence of HCV core in chronic infection. Furthermore, we showed that degranulation (i.e. exocytosis of perforin and granzymes, as measured by CD107a expression) is decreased in HCV core-incubated cells, further confirming that granule-induced killing by CD8 + Tcells is impaired by HCV core protein. Similarly, perforin and granzyme-B (not significant) release was also found to be lower from CD8 + T-cells pre-incubated with HCV core. Lucas et al. demonstrated that, in HCV-infected individuals, cytomegalovirus-specific CD8 + T-cells had lower Fas ligand and perforin production. 9 Our research suggests that dysfunctional lytic capacity of CD8 + T-cells is not restricted to any antigen-specific CD8 + T-cells. Mechanistically, HCV core-induced reduction in lytic activity can be best explained by lower Akt activation [via reduced activation of f-chain-associated protein kinase 70 by lymphocyte-specific protein tyrosine kinase (Lck)]. 3 However, this does not explain why T-cell receptor-stimulated IFN-c production in core-treated cells would not change (or even increase slightly, although this was not statistically significant). Yao et al. observed reduced Lck activation but not that of Fyn kinase; both Src kinases involved in early T-cell receptor signalling. 3, 28 As the role of Fyn is less well understood and has been posited to be supplemental to Lck, Fyn activation may have a compensatory role in increasing/maintaining IFN-c production. 28 Sustained IFN-c production may be explained by the differential requirement of Lck during initial and memory CD8 + T-cell responses. A study showed that while Lckmediated activation is required during the primary response, it is dispensable during memory or recall responses. 29 If in our system, IFN-c is being primarily produced by memory CD8 + T-cells upon T-cell receptor stimulation, and HCV core-induced anergy is mediated by Lck signalling, then this may reconcile the different effects on perforin production/ cell degranulation and IFN-c production.
Although this study was conducted in vitro, the findings suggest that HCV core protein plays a major role in inducing CD8
+ T-cell dysfunction in HCV + individuals. Circulating HCV core in serum has been correlated with reductions in natural killer cell activity. 30 And as suggested by our serum experiments, this may be true for CD8 + T-cells as well: CD8 + T-cells exposed to serum of HCV + individuals produce less perforin compared with cells exposed to control serum. This serves as a proof-ofconcept that factors -including, but not limited to, HCV core protein -in the serum of HCV + individuals hamper CD8 + T-cell function. HCV core protein prevalence is correlated with HCV viral RNA load and hence serum from highly viraemic HCV + individuals was pooled for this study. 17 This dysfunction may be mediated by high concentrations of HCV core, or other viral or host factors, like immunoregulatory IL-10. Interestingly, HCV core protein itself did not appear to significantly alter IL-10 production from CD8 + T-cells exposed to HCV core protein (see Supplementary material, Fig. S1B ). In fact, the contributions of HCV core to CD8 + T-cell dysfunction in vivo may be more pronounced than that observed in our experiments. Others have shown that part of the HCV core-mediated CD8 + T-cell anergy involves up-regulation of programmed death-1 (PD-1), a co-inhibitory receptor commonly used as a marker for T-cell exhaustion in chronic disease and indicating anergic CD8 + Tcells. 7 As our system studied isolated CD8 + T-cells, the effects of PD-1 up-regulation and its engagement by programmed death ligand -1 on antigen-presenting cells were not evaluated.
It is not known whether the dysfunction caused by HCV core protein could persist after treatment and achievement of sustained virological response (i.e. viral clearance 12 weeks after end-of-treatment). A wash-step included in the perforin production experiments before the addition of anti-CD3/28 stimulation to cells (n = 2, data not shown) revealed that the continued presence of HCV core was not required for the inhibition of perforin production. This suggests that HCV core has either exerted its effect on CD8 + T-cells during its initial interactions or remains bound to gC1qR or other protein on CD8 + T-cells. Attempts to block HCV core activity through gC1qR using a commercially available gC1qR-blocking antibody were inconclusive (the antibodies used in published blocking studies are not commercially available). 3 Alternatively, increased STAT5 activation (and possibly higher IFN-c production) induced by HCV core protein may be exploited if negative effects of the protein can be attenuated. As gC1qR may not be the only receptor with which HCV core interacts, identification of HCV core epitopes and protein-receptor interactions that mediate positive and negative effects could lead to the development of therapeutic vaccines containing a modified core protein.
These findings suggest that HCV core protein plays a significant role in bulk CD8 + T-cell dysfunction and anticore components in HCV drugs may be highly beneficial in aiding the recovery of generalized immune impairments. Further studies on signalling pathways may offer insights into HCV-mediated dysfunction of immune responses.
